The classification of tumors of the thymus has been one of the most controversial fields in tumor pathology of the last decade.
The classification of tumors of the thymus has been one of the most controversial fields in tumor pathology of the last decade. [1] [2] [3] These neoplasms show considerable functional, histogenetic, and morphological complexity. Recently, several major conceptional advances in the understanding of thymomas have been made and a new World Health Organization-authorized histological classification of thymic epithelial tumors emerged (Table 1) . 4, 5 Thymomas retaining morphological features of the normal thymus are now divided into two major types, A and B, according to the appearance of the neoplastic cells (spindle/oval versus round/polygonal shaped cells, respectively). Tumors combining these features are called type AB. Type B thymomas are further subdivided on the basis of an increasing epithelial cell/lymphocyte ratio and emergence of atypia in the neoplastic epithelial cells into three subtypes, B1, B2, and B3, respectively. Nonorganotypic thymic carcinomas exhibiting clear-cut atypia and resembling tumors arising outside the thymus form a separate group, type C thymomas. The new classification is a further development of a previous histological grouping of thymomas 6, 7 used also as an important independent survival prognostic factor. 8 -13 Because the new WHO types are almost equivalent to the previously described histogenetic thymoma subtypes, 14 it can be expected that this classification is suitable for prognosis determination as well.
Only little is known about chromosomal aberrations in thymoma. Cytogenetic studies describing the karyotypes of these tumors are mostly case studies showing no recurrent aberrations. The only exception is translocation t (15;19) , found in altogether three undifferentiated thymic carcinomas (type C thymoma). [15] [16] [17] Various gross genetic aberrations and their association with several different thymoma types were recently depicted in a comparative genomic hybridization (CGH) study. 18 The most prominent abnormalities described in that work were amplifications of genetic material on chromosome 1q and deletions on chromosomes 6 and 13q in type B3 thymomas; amplifications of regions on chromosomes 1q, 17q, and 18 and deletions on chromosomes 3p, 6, 16q, and 17p in type C thymomas. Striking was the paucity of chromosomal abnormalities in type A thymoma. Even less is known about specific molecular mechanisms underlying thymomagenesis and the role individual genes are playing in that process. Some studies have shown that inactivation of the CDKN2A (p16) and RB genes may play a role in the progression of thymoma and thymic carcinoma 19 and that BCL-2 overexpression correlates with aggressiveness of thymic epithelial neoplasms. 20 The high incidence of HRAS mutations in metastatic thymomas indicates that this aberration could be used as a possible marker of aggressive behavior. 21 Also nerve growth factor (NGF) receptors might be involved in the abnormal proliferation of neoplastic thymic epithelial cells as indicated by down-regulation of type 1 neurotrophic tyrosine kinase receptor TrkA and up-regulation of nerve growth factor receptor p75NGFR in thymic carcinomas. 22 However, all these molecular studies have usually narrowly focused on the role of a particular individual gene in the pathogenesis of the disease and did not investigate the sequence and relationship between the genetic abnormalities detected. The aforementioned CGH study identified several nonrandom losses or gains of genetic material suggesting the presence of tumor suppressor genes or oncogenes, respectively, whose function is altered during the process of malignant transformation. It identified the chromosomal regions involved, but not the individual genes. To do that, a method that can detect also amplifications or deletions in the range of tens of base pairs like microsatellite analysis has to be applied. This method has also the advantage of simultaneously detecting microsatellite instability caused by dysfunction of mismatch-repair genes recently described in epithelial cancer. 23 Therefore, we performed a limited genomic search with 48 highly informative microsatellite markers on 26 thymoma cases, including types A, B3, and C tumors, aiming to identify gene loci involved in the pathogenesis of thymomas. In this work, we characterize the genetic aberrations common in the analyzed thymomas and compare the new WHO classification with the grouping of thymomas based on our allelotype data.
Materials and Methods

Patients and Samples
Twenty-six thymic epithelial tumors lacking heavy lymphocyte contamination including 8 thymomas of WHO type A, 14 of WHO type B3, and 4 cases of type C from the thymoma collection at the Institute of Pathology in Wü rzburg, on whom fresh-frozen tissue (2 WHO type A, 7 type B3, and 2 type C) or formalin-fixed, paraffin-embedded tissue (6 WHO type A, 7 type B3, and 2 type C) was available, were selected for the study. The diagnosis was established according to the criteria of the new WHO Thymic Epithelial Tumor Classification 4 by morphological and immunophenotypic analyses of paraffin-embedded and fresh-frozen tissue sections using standard staining methods as described recently. 14, 24 Clinical data on the analyzed thymoma patients are listed in Table 2 .
Microdissection and DNA Extraction
In each case, 20 serial 10-m-thick tissue sections were cut. The first and last cuts were stained with hematoxylin and eosin to assure high tumor content and as guidance The WHO classification is compared with the clinicopathological classification of Levine and Rosai 48 and the histogenetic classification of Mü llerHermelink and co-workers. 6, 7, 49 The terminology of the category II thymic carcinoma subtypes follows the WHO proposal. *The benign category is modified according to the postulate that type A and AB thymomas are clinically benign irrespective of invasiveness. Originally, all encapsulated thymomas were considered to be benign irrespective of their histology. for the following dissection. The fresh-frozen tissue sections were visualized under microscope and an area showing thymoma was scraped using a blade. In a similar way, control genomic DNA was derived from separate tissue blocks not involved by the tumor. Paraffin-embedded, formalin-fixed tissue sections were additionally stained by Nuclear-Fast Red to precisely delineate tumor-containing areas and the collected tissue deparaffinized with xylene before digestion. DNA extraction was performed using proteinase K and phenol-chloroform according to routine molecular biology protocols. 25 
Microsatellite Analysis
Primer sequences for the amplification of microsatellite repeats listed in Table 3 were retrieved from Genome Database (GDB, http://gdbwww.gdb.org). Polymerase chain reaction (PCR) primers were synthesized at MWG Biotech (Munich, Germany) and one oligonucleotide of each primer pair labeled with fluorescent dye phosphoramidites FAM, TAMRA, or HEX. Paired normal and tumor DNA samples from each patient were amplified with AmpliTaq Gold enzyme (Applied Biosystems, Foster City, CA) in multiplex PCR reactions using 50 ng of genomic DNA as template under conditions specified by GDB. Thirty cycles were performed in a MWG Primus Gold thermal cycler (MWG Biotech, Munich, Germany) in a total volume of 20 l. Aliquots of the PCRs were then mixed with size standard and formamide, denatured, and subjected to electrophoresis on a 377 DNA Sequencer (Applied Biosystems, Foster City, CA).
The automatically collected data were analyzed using the Genescan and Genotyper software as described in the manufacturer's manual. Only patients heterozygous for a given locus were regarded to be informative, homozygosity and microsatellite instability rendered the particular locus uninformative for loss of heterozygosity (LOH) or amplification. In heterozygous cases, ratios of both alleles in normal and tumor tissues were calculated. If these ratios showed a difference of Ͼ20%, the locus was further evaluated for possible allelic imbalance. For determination of LOH or amplification, first the unchanged allele was identified (by comparison with other microsatellites showing no change in the same multiplex PCR), then the ratios of the allele showing decreased or increased signal to the unchanged allele were calculated, first for control DNA, then for the tumor. Increase of the ratio by 40% in the tumor as compared to the control was called amplification, decrease by 40% LOH. All aberrations were confirmed two times. Regional allelic imbalance (RAI) was defined as percentage of regions showing allelic imbalance (31 regions listed in Table 3 were investigated altogether). Patients on whom the results for at least two regions were not evaluable (not all formalin-fixed, paraffin-embedded tissue derived DNA could be amplified) were excluded from the comparison (case no. 6902 and no. 2901).
CGH
CGH methods and results on 19 tumors from the investigated group were published previously. 
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Results
Microsatellite Analysis Shows Frequent Allelic Imbalance in All Analyzed Thymoma Types
Twenty-six thymoma cases listed in Table 2 including 8 WHO type A, 14 type B3, and 4 type C tumors were screened for loss or amplification of genomic DNA using 48 microsatellite repeats (Table 3 ). The repeats were chosen to cover loci of known and putative oncogenes or tumor suppressor genes and regions showing frequent aberrations in cytogenetic and CGH studies on lung, head, and neck squamous cell carcinomas, 26 -28 and hot spots of aberrations detected in a previous CGH study performed on part of the same material. 18 Out of 882 informative genotypes (not all formalin-fixed, paraffinembedded tissue-derived DNA could be amplified), 105 (11.9%) showed LOH, 6 (0.7%) amplification of genomic DNA. Several regions on various chromosomes revealed allelic imbalance in at least three cases; the frequency of such aberrations is depicted in Figure 1 . To distinguish LOH from amplification, multiplex PCRs were performed using unaffected repeats as an internal control. The results were further confirmed by CGH in the majority of patients (Figure 2 ). 18 
Chromosome 6 Harbors Hot Spots of Aberrations
The most frequent LOH was found in the 6q23.3-25.3 chromosomal region (Table 3) as detected by markers D6S310 and D6S441 in 11 (45.8% of informative cases) tumors (3 type A, 5 type B3, and 3 type C thymomas, Figure 1 ). The second hot spot of deletions was located in the 6p21 region (assayed for by markers D6S1666 and D6S1560) containing the major histocompatibility (MHC) classes I and II gene loci, with seven (33.3% of informative analyses) tumors (two type A, four type B3, and one type C) showing an involvement. Other frequent LOHs were located in regions 3p22-24.2, 3p14.2 (FHIT gene locus), 5q21 (APC gene locus), 6q21-22.1, 7p21-22, 13q14 (RB gene locus), and 17p13.1 (p53 tumor suppressor gene locus). However, two thymomas (both type B3, patients no. 6175 and no. 10585) showed LOH with all repeats on chromosome 6 suggesting monosomy 6 (confirmed by fluorescence in situ hybridization later, unpublished results) to be the cause of LOH in these two cases. Similarly, two other type B3 tumors (no. 6175 and no. 15904) showed LOH with all nine microsatellite markers on chromosome 3, suggesting the presence of monosomy 3 in these patients.
Thymic Epithelial Tumors Show Two Distinct Patterns of Genetic Aberrations
Interesting associations emerged comparing aberrations common to the analyzed thymoma types. We could identify two groups of tumors characterized by specific mutually exclusive aberrations (Figure 3) . The first one consisted of 11 (45.8% of informative analyses) thymomas displaying the 6q23.3-25.3 LOH. Another group was made up by four (15% of informative analyses) tumors showing the APC tumor suppressor gene locus (5q21) deletion. The APC aberrations showed statistically significant associations with LOH in the 3p22-24.2 (chi-square test, Yates' correction; P ϭ 0.045), 13q14 (chi-square test, Yates' correction; P ϭ 0.0055), and 17p13.1 (chisquare test, Yates' correction; P ϭ 0.0003) regions. The rest of the analyzed thymomas displayed either other heterogeneous aberrations (seven cases) or no aberrations at all (four cases). Thymomas of all three WHO types were among the tumors showing the 6q23.3-25.3 deletion. In contrast, none of the type A patients was detected to have an LOH in the APC, RB, and p53 gene loci or the 3p22-24.2 and 8q11.21-11.23 regions. The 6q23.3-25.3 deletion occurred already in stage I disease and was present in all higher stages thereafter. The APC LOH was exclusively associated with later stages (III or IV) of disease.
Late Stages of Disease Show Increased RAI Frequency and Broader Spectrum of Aberrations
We used the frequency of RAI (see Materials and Methods) displayed by these tumors to assess the degree of genomic instability associated with different thymoma stages, regardless of the WHO thymoma type (Figure 4) . Stage I thymomas showed RAI with mean of 4.1% and SD of 4.2%, only seven regions exhibiting allelic imbalances were detected. In Stage II, regions affected by aberrations numbered 8, the RAI increased to 8 Ϯ 4.7%. In stage III, the number of regions showing aberrations rose to 19 including the APC tumor suppressor gene locus, the RAI showed an increase to 16 Ϯ 14.8%. Only four patients presented with a stage IV thymoma and that seemed to influence the results of the statistical analysis; merely 15 various regions showed an allelic imbalance, the RAI frequency was 15.2 Ϯ 10%. The RAI frequency difference between stages I and IV proved to be statistically significant (Mann-Whitney U test, P ϭ 0.027).
Only One Thymic Epithelial Tumor Features MSI
Six (0.5%) of 1178 genotypes proved to be microsatellite instability (MSI)-positive in these tumors. Interestingly, all of the MSI-positive repeats detected were clustered in only one tumor, a type B3 thymoma (no. 11859). In this particular case, the frequency of MSI was low-level, with six (12.5%) repeats (D3S1300, D6S1666, D6S447, D8S532, D12S78, P53p) showing MSI. Immunohistochemical staining for protein products of the mismatch repair genes hMSH2 and hMLH1 was performed to investigate the cause of MSI in this case further. However, most of the tumor cells presented strong nuclear staining meaning the hMSH2 and hMLH1 proteins were present (results not shown). MSI in this tumor thus did not originate from aberrations in the hMSH2 or hMLH1 mismatch repair genes. Microscopic review of the histology of the case confirmed a typical pattern of a WHO type B3 thymoma without any unusual findings.
Discussion
Thymic epithelial tumors are the most frequent kind of neoplasms arising in the thymus. Recent establishment of a new WHO Thymic Epithelial Tumor Classification 4 ended a long period of confusion regarding the morphological diagnosis of these tumors. However, the possibility that there are characteristic genetic aberrations underlying individual thymoma types has not been exploited yet. Aberrations common in thymomas have not been characterized except for several nonspecific abnormalities described in a recent CGH work 18 and rare findings of t(15;19) reported in conventional cytogenetic studies. [15] [16] [17] Because of the heavy admixture of normal 34 and nodal non-Hodgkin's lymphoma. 35 We described several hot spots of deletions on the long arm of chromosome 6 in extranodal gastric high-grade large B-cell lymphoma previously. 36 One of the hot spots was detected in the region 6q23. 3-25.3 between the markers D6S310 to D6S441 used in this thymoma study as well. This region contains, in addition to tens of unidentified expressed sequence tag (ESTs), several already cloned genes, eg, IGF2R, MAP3K5, and ZAC. Interestingly, the ZAC tumor suppressor gene has been shown to inhibit tumor cell proliferation in vitro and in vivo in nude mice 37 and its expression was found to be lost or reduced in breast cancer cell lines and primary breast tumors. 38 Whatever gene is the target of deletions here, it seems to define a particularly important early event in thymoma pathogenesis.
A smaller but distinct group of four cases presented with LOH in the APC tumor suppressor gene locus in the chromosomal region 5q21. These tumors were WHO type B3 thymomas in late stages of disease. All four displayed additional 17p13.1 LOH (chi-square test, Yates' correction; P ϭ 0.0003) in the p53 tumor suppressor gene locus. Three revealed concomitant LOH in the 5q21 and 3p22-24.2 regions (chi-square test, Yates' correction; P ϭ 0.045), another three concomitant LOH in the 5q21 and 13q14 (retinoblastoma tumor suppressor gene) regions (chi-square test, Yates' correction; P ϭ 0.0055). APC aberrations, which generally lead to a truncated APC protein or take form of allele loss, can be detected in ϳ75% of sporadic colorectal cancers, already in the earliest adenomas from which these cancers develop. 39, 40 They are considered to be initiating events in colorectal cancerogenesis. Additional genetic aberrations are required for the progression from adenoma to carcinoma. One of the hallmarks of such a progression is the loss of function of the p53 tumor suppressor gene allowing cells to accumulate additional mutations throughout the genome. A significant minority of thymic epithelial tumors thus share a similar set of aberrations with colorectal cancer. To which extent this similarity reflects the similarity of pathogenetic pathways of both colorectal cancer and thymoma remains to be investigated. However, we did not find any APC aberrations in early thymomas of stage I or II, just the 6q aberrations. It is thus possible that these neoplasms exhibit a similar series of aberrations, but the succession of the aberration events, which aberrations are initiating and which then follow in later stages of disease, may be different.
The second most frequently detected aberration (seven tumors, 33.3% of informative cases) was LOH in the 6p21 region. This very well-mapped and already sequenced region contains among others the genes for tumor necrosis factor-␣, CDKN1A, and MHC. Loss of MHC genes has been reported in numerous tumors recently. 41, 42 The MHC class I and II genes encode highly polymorphic cell surface glycoproteins that bind antigenic peptides for presentation to CD4 and CD8 bearing cytotoxic T lymphocytes, respectively. 43 Because of the role of the MHC molecules in presenting immunogenic peptides to cytotoxic T cells, defects in the MHC genes expression allow the tumor cells to evade the immune response that might be expected to be generated after multiple mutations of genes, whose abnormal products are potential targets for the immune system. Allelic loss of the MHC genes may thus confer a clonal selective advantage, providing tumor cells with a mechanism to escape recognition by the immune defense system. 44 This selection pressure would explain why the MHC gene loss was present in all investigated thymomas with such a high frequency.
Generally, during progression from low-to high-grade disease or from early to later stages, tumors acquire additional genetic aberrations enabling them, at the end, to grow indefinitely in the absence of growth factors. 45 Such genetic aberrations are signs of genomic instability featured by almost all types of cancer. 46 We compared genomic instability in various stages of thymomagenesis (regardless of thymoma type) measuring the frequency of RAI, the percentage of regions showing any allelic imbalance. The RAI values showed a trend to increase with higher stage of disease (Figure 4) . Stage I tumors displayed mean RAI frequency of 4.1% with SD of 4.2% versus stage IV thymomas with RAI values of 15.2 Ϯ 10% (Mann-Whitney U test, P ϭ 0.027). The increasing genomic instability with higher stage of disease was also manifested by broader spectrum of detected aberrations, stage I cases showing just seven various aberrations, in contrast, stage III already 19. Comparing the RAI values of different thymoma types, type A tumors (considered to be the most benign of the thymomas) showed the lowest RAI level with mean of 4.5% and SD of 3.6%; on the contrary, type B3 thymomas revealed RAI values of 14.5 Ϯ 12%. The RAI frequency difference between the former and latter proved to be statistically significant (Mann-Whitney U test, P ϭ 0.021). However, the former were from 75% stage I tumors, the latter mixed stages II and III (33% stage II thymomas, 47% stage III; Table 2 ). It thus still has to be investigated (using appropriately matched tumors) if this RAI difference is because of the fundamentally different biological behavior associated with a particular thymoma type or to the fact that type A thymomas present mostly as stage I tumors and rarely progress beyond that stage.
In contrast to the abundance of LOH, considered to be a feature of karyotypic instability, only six genotypes showed microsatellite instability. Peculiarly, all MSI events occurred in just one thymoma. However, this tumor also showed only low-level MSI with 12.5% MSIpositive microsatellites. It did not display Ͼ30 to 40% of MSI-positive repeats typical for hereditary nonpolyposis colorectal cancer, in which MSI plays a significant role in the pathogenesis. Immunostains for the mismatch repair gene products hMSH2 and hMLH1 confirmed the presence of both proteins in the tumor. MSI in this case is thus not because of the deficiency of these mismatch repair proteins. The widespread genomic alterations in the form of LOHs and amplifications of genetic material and the low frequency of MSI detected in this study are rather substantial evidence for the mutator pathway having only a minor role in the pathogenesis of thymoma. A small fraction of many tumor types, in addition to those of the colon, display some level of MSI. 47 In most of these tumors, the instability is considerably less pronounced than that observed in hereditary nonpolyposis colorectal cancer and it is questionable if it is because of mismatch repair gene defects.
To identify specific genetic aberrations playing a major role in thymomagenesis, we compared the allelotypes of tumors generated in this study according to the thymoma stage and type (Figure 3) . The 6g23.3-25.3 LOH was present in all stages of disease; its prevalence ranged from 25% (stage I) to 75% (stage IV) of patients. It is the most frequent and early aberration in thymomas detected in this study. Additional genetic abnormalities appeared already in stage I, however, none of them occurred in more than one case. The APC abnormalities were evident in stage III for the first time. Notably, type B3 thymomas of stage III suffering LOH in the 5q21 region presented with somewhat higher RAI frequency than comparable tumors of the same type and stage displaying the 6g23.3-25.3 LOH. None of the 5q21 LOH-positive thymomas showed a concomitant 6q23.3-25.3 aberration; these two abnormalities seem to be mutually exclusive. These findings thus define two pathogenetic pathways in the development of thymomas: one characterized by the presence of the 6g23.3-25.3 LOH, the other by LOH in the APC tumor suppressor gene locus in the region 5q21 associated with 3p22-24.2, 13q14 (RB), and 17p13.1 (p53) LOHs. Dividing the analyzed tumors according to their WHO type, specific allelotype patterns could be assigned to individual thymoma groups. The 6q23.3-25.3 LOH was present in all three investigated thymoma types. In contrast, the LOH in the APC locus was found in type B3 only. Other abnormalities present exclusively in the types B3 and C were frequent LOH in the 13q14 and 17p13 regions, loci of the RB and p53 genes, respectively, in the 3p22-24.2 region, and less frequent LOH in the region 8q11.21-23. These five aberrations thus define the difference between type A thymoma on one side and types B3 and C on the other side. The difference in the pattern of genetic aberrations suffered by individual types of thymoma could be a reason for the different prognosis of type A as compared to type B3 tumors. Peculiarly, approximately two-thirds of type A thymomas present as stage I disease and only 5% of type A tumors extend into adjacent organs (stage III). The overall survival of type A thymoma patients approaches 100% at 5 and 10 years. 11, 12 In contrast, type B3 thymoma is a malignant tumor presenting mostly at stage III (59%) or even IV (25%) with survival rates of 80% and 40 to 54% at 5 and 10 years, respectively. 8, 13 There is thus a considerable difference in the survival of thymoma patients, which could be a result of different patterns of aberrations displayed by these tumors.
In summary, we show that karyotypic instability plays a decisive role in the development of type A, B3, and C thymomas. We characterize some of the common genetic aberrations occurring during thymomagenesis and describe two pathogenetic pathways these tumors develop along. The first one typified by the 6q23.3-25.3 LOH and common to types A, B3, and C type thymomas, the second one characterized by the APC LOH and displayed by WHO type B3 thymomas only. We describe a set of additional clonal aberrations featured by type B3 and C thymomas (but not type A thymomas): LOH in the RB, p53 loci, 3p22-24 and 8q11.21-23 regions. We suggest that the differences between the kind of genetic aberrations seen in type A thymoma on one side and types B3 and C thymoma on the other side might be mirrored in the differences in biological behavior displayed by these tumors. Type A thymomas being known as tumors with benign prognosis, types B3 and C thymic epithelial tumors displaying more aggressive behavior with accordingly shorter survival rates.
